Understanding and control of the dynamic response of magnetic materials with a three-dimensional magnetization distribution is important both fundamentally and for technological applications. From a fundamental point of view, the internal magnetic structure and dynamics in bulk materials still need to be mapped 1 , including the dynamic properties of topological structures such as vortices 2 , magnetic singularities 3 or skyrmion lattices 4 . From a technological point of view, the response of inductive materials to magnetic fields and spinpolarized currents is essential for magnetic sensors and data storage devices 5 . Here, we demonstrate time-resolved magnetic laminography, a pump-probe technique, which offers access to the temporal evolution of a three-dimensional magnetic microdisc with nanoscale resolution, and with a synchrotron-limited temporal resolution of 70 ps. We image the dynamic response to a 500 MHz magnetic field of the complex three-dimensional magnetization in a two-phase bulk magnet with a lateral spatial resolution of 50 nm. This is achieved with a stroboscopic measurement consisting of eight time steps evenly spaced over 2 ns. These measurements map the spatial transition between domain wall motion and the dynamics of a uniform magnetic domain that is attributed to variations in the magnetization state across the phase boundary. Our technique, which probes three-dimensional magnetic structures with temporal resolution, enables the experimental investigation of functionalities arising from dynamic phenomena in bulk and three-dimensional patterned nanomagnets 6 .
systems 27 . Such time-resolved measurements generally require flat samples, which pose challenges when it comes to three-dimensional tomographic magnetic imaging. In particular, there is a 'missing wedge' due to high absorption of the sample at high angles, and it is necessary to alter the orientation of the sample with respect to the rotation axis part way through the measurement in order to measure all three components of the magnetization. As a result, until now it has not been possible to combine three-dimensional magnetic imaging with dynamic measurements.
The imaging of magnetization dynamics in three dimensions becomes more feasible with an alternative geometry for threedimensional imaging, laminography 28 . For magnetic imaging, as shown in this work, laminography provides access to all three components of the magnetization with a single axis of rotation and, by combining vectorial magnetic imaging with a pump-probe setup, it is possible to obtain the temporal evolution of the entire threedimensional magnetization vector field. In this way, we can study surface excitations as well as the dynamics of buried three-dimensional magnetic domains and domain walls.
Here, we image the as-grown three-dimensional magnetic state of a GdCo microdisc with a diameter of 5 μm and a thickness of 1.2 μm using magnetic laminography, and determine its dynamic response to a radio frequency (RF) magnetic field. The microdisc was patterned by milling a continuous film deposited on the back of a Si 3 N 4 membrane with a focused ion beam (see Fig. 1a (ii) for a scanning electron micrograph of the sample). A two-phase GdCo film was deposited by magnetron sputtering, first with the sample continuously rotating for the lower part, and then stationary for the top quarter of the thickness. On the front of the membrane a 300 nm-thick Cu stripline was patterned, through which an RF current was injected to produce an in-plane magnetic field excitation.
The experimental setup is shown schematically in Fig. 1a , where the plane of the sample is tilted at an angle of 29° to the propagation direction of the X-rays. During the measurement the sample is rotated about an axis perpendicular to its surface plane, and two-dimensional projections of the magnetic microdisc are measured with dichroic ptychography 26 . Two-dimensional projections of the magnetic configuration of the GdCo microdisc for the sample rotated by 0° and 45° about the laminography rotation axis are shown in Fig. 1c,d , respectively. For these projections, a multidomain state can be identified at the bottom of the structure, that appears to evolve through the thickness of the structure.
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For magnetic laminography, two-dimensional ptychographic projections were measured at 144 angles equally distributed over 360° with both right and left circularly polarized X-rays. The threedimensional magnetic configuration was reconstructed using a graphics processing unit implementation of the gradient-based arbitrary projection magnetic reconstruction algorithm, detailed in ref. 29 with a lateral spatial resolution of approximately 50 nm (details of the calculation of the spatial resolution are presented in the Methods and Extended Data Figs. 2 and 3 ). The validity of the reconstruction was confirmed with numerical simulations, described in the Methods and presented in Extended Data Fig. 1 . The RF magnetic field used to excite the sample was frequency and phase matched to the synchrotron X-ray pulses, which are 70-ps wide X-ray flashes occurring every 2 ns (repetition frequency of 500 MHz). To probe the dynamic response of the sample, a magnetic laminography dataset was acquired for a number of different delay times of the excitation field with respect to the X-ray bunches, as shown schematically in Fig. 1b .
The reconstructed three-dimensional magnetization distribution of the GdCo microdisc for zero delay time between the excitation and the X-ray bunches is shown in Fig. 2 for four heights in the sample indicated in Extended Data Fig. 4 . In the lower region of the structure, a multi-domain state is present, in which the domains are separated by elongated vortex domain walls ( Fig. 2a ). Considering the evolution of the magnetic configuration through the disc thickness, the central domain gradually expands and the vortex domain walls are located increasingly closer to the edges of the sample (Fig. 2b ), until they are expelled approximately mid-way through the sample, resulting in a single magnetic domain with a curling magnetization at the edges, forming an S state ( Fig. 2c ). At the top of the microdisc, the magnetization forms an almost uniform state (Fig. 2d ). The positions of the vortex cores are plotted using isosurfaces corresponding to a minimum in-plane magnetization in Fig. 2e . Within the core of a vortex, the magnetization points out of the plane of the disc, and the direction of the magnetization (that is, ±m y ), defines its polarization. Here, the isosurfaces representing the core of the vortices are coloured by the m y component, which can be seen to be positive (orange) and negative (green), indicating that the pair of vortices have opposite polarizations.
The gradual transition from the multi-domain state in the lower region of the sample to the single domain state in the upper region is attributed to variations in the anisotropy of the system. The rotation of the sample during sputtering led to effectively negligible anisotropy in the bottom part of the disc such that the magnetic state is predominantly determined by the magnetostatic energy. In contrast, the absence of rotation during the latter part of the deposition gave rise to the development of a sizeable uniaxial anisotropy in the top part of the sample. Therefore, the resulting system can be understood as a two-phase system with a soft (bottom) and a hard (top) phase, conceptually analogous to an exchange-spring system 30 .
We highlight the distribution of the direction of the magnetization through the thickness of the sample in Fig. 2f in a bivariate histogram. At the bottom of the film, there is a large spread in the magnetization directions, consistent with the presence of the double vortex state, with a pronounced peak centred around 140° corresponding to the dominant direction of the magnetization in the central domain. With increasing height, the spread in directions is reduced, giving rise to a single peak corresponding to the narrower range of magnetization directions in the top domain. The standard deviation of the magnetization, which reflects the distribution of the magnetization directions in each state, is plotted as a function of thickness through the sample in Fig. 2g (red dots), and three main regions can be identified: (i) the double vortex state, (iii) the single domain state and (ii) an intermediate region corresponding to the curled S state. The dominant direction of the magnetization can be tracked through the thickness of the sample by identifying the corresponding peak in the histogram for each slice in Fig. 2g (black dots). This magnetization direction varies linearly with distance For synchrotron X-ray magnetic laminography, ptychographic projections are measured with right-and left-handed circular polarization with the sample rotated around an axis that is at 61° with respect to the X-ray beam propagation direction. To observe the magnetization dynamics, the sample is fabricated on a Cu stripline (see magnified view in (i) along with a scanning electron micrograph of the sample in (ii)), and excited with a 500 MHz RF magnetic field produced by passing a current through the stripline. Magnetic laminography is then performed for a number of different delay times of the RF magnetic field with respect to the X-ray pulses. Scale bar, 2 μm (ii). b, The concept of pump-probe magnetic laminography is illustrated, where the RF magnetic field excitation (red oscillatory waveform) is frequency and phase matched to the incoming X-ray pulses (grey waveforms). By varying the time delay (δt) between the continuous RF magnetic field excitation (red) and the X-ray bunches (two temporal measurements, separated by δt, are indicated by the full and dashed grey waveforms), and repeating the laminography measurement for different δt, time resolved maps of the magnetization vector field are obtained. c,d, XMCD projections of the magnetic microdisc are shown for the sample at 0° (c) and 45° (d), respectively. Scale bars, 1 μm (c,d).
through the sample up to a height of 900 nm, after which the magnetization direction remains almost constant. This linear rotation of the magnetization direction along the thickness correlates with the position of the vortex domain walls. Indeed, as the thickness increases and the effective magnetic anisotropy increases, the vortex cores (plotted using isosurfaces in Fig. 2e ) are located increasingly closer to the edges of the sample and are eventually expelled with the onset of strong uniaxial anisotropy in the top part of the disc. We now probe the magnetization dynamics in response to the RF magnetic field of amplitude approximately 4 mT, orientated along the direction shown in Fig. 2a (θ = 79° (259°)), by performing magnetic laminography for seven delay times over a period of 2 ns with respect to the X-ray pulse train.
We map the spatial distribution of the magnetization dynamics by plotting the Fourier coefficient of the temporal evolution of the in-plane magnetization direction θ m corresponding to 500 MHz, in Fig. 3 . The precession angle of the magnetization is plotted in Fig. 3a -d for the four magnetic states shown in Fig. 2a-d , respectively. Magnetization dynamics are observed throughout the sample as a result of the inhomogeneous, coupled magnetization structure, although the field-induced torque is minimal in the top region of the sample (Fig. 3d , region (iii)) because the direction of the applied RF magnetic field is almost parallel to the direction of the magnetization. At the bottom of the sample (Fig. 3a,b , region (i)), the magnetization oscillates in the vicinity of the vortex walls indicating their reversible displacement (red elongated regions, indicated by grey arrows in Fig. 3a ). The magnetization also oscillates at the bottom left and top right edges of the disc, where the magnetization is almost perpendicular to the applied RF field, thereby maximizing the field-induced torque. For the intermediate S state (Fig. 3c , region (ii)), magnetization precession is observed in two regions close to the sample edge, which are adjacent to the location where the vortices are expelled from the disc. In the single domain state in the upper part of the disc (Fig. 3d , region (iii)), oscillations of the magnetization in the bulk of the domain are mostly absent (only low angle oscillations are present owing to the slightly inhomogeneous structure of the single domain state), and lower amplitude edge modes are present, made visible by associating the same colour bar with a smaller range of 0-50°. Three-dimensional maps of the modes are given in Fig. 3e ,f, showing that the magnetization dynamics are limited to the vortex domain walls and to the edges of the sample. Mapping the magnetization dynamics provides insight into the interaction between the different domain structures and the resulting modifications in their dynamics. Moving up through the sample thickness, the edge oscillations are located at different positions, describing a spiral that follows the evolution of the location of the vortex walls. The presence of vortices gives rise to regions with a sizeable magnetization component perpendicular to the applied field direction, where the field-induced torque is larger. In addition, the large anisotropy in the top region of the sample would be expected to lead to the formation of an 'onion' state 31 characterized by edge modes at the extremities of the domain, where the magnetization typically is not parallel to the sample boundaries. In contrast, in our system, imprinting of the vortices in the lower region onto the magnetization of the top region rather leads to the formation of a flower state 32 (Fig. 2d ), thus shifting the edge regions in which the magnetization oscillates around the edge of the disc.
Having identified the regions excited by the applied magnetic field, we now consider the details of the temporal evolution of the vortex domain walls in the lower section of the disc in Fig. 4 . The curl of the in-plane magnetization ∇ × m xz is plotted for the slice at height h = 90 nm in Fig. 4a , where the red and blue stripes correspond to the two vortex walls with opposite vorticities. In the insets, ∇ × m xz is plotted in the vicinity of the domain wall with positive vorticity (region indicated by the black dashed box) for different time delays spanning a period of 2 ns. Over this period, the domain wall moves about the reference position (dashed line) and its displacement in the direction perpendicular to the long axis of the wall is plotted as a function of time for h = 46 nm in Fig The domain wall with negative vorticity (blue in Fig. 4a ) displays a similar oscillatory motion perpendicular to its long axis with an amplitude of 45 ± 13 nm. Plotting the displacement of the domain walls as a function of time ( Fig. 4b ) reveals that the domain walls oscillate out of phase. We quantify the phase difference between the two domain walls by calculating the phase of the Fourier coefficients, and find it to be 3 4 4 ± π π , equivalent to a delay of 0.75 ± 0.25 ns, meaning that the domain walls essentially move in phase, but in opposite directions with the error resulting from a variation in the phase through the thickness of the sample. This motion corresponds to the breathing of the central domain, which is driven by the precessional dynamics of the oppositely polarized vortex walls 9 .
By combining magnetic laminography with a pump-probe experimental setup, we have imaged the magnetization dynamics within a three-dimensional magnetic microdisc in response to the application of an RF magnetic field. Two main types of magnetization dynamics are identified: the breathing mode of a central magnetic domain involving domain wall motion and magnetization dynamics at the edges of a uniform magnetic domain, which are enhanced by variations in the magnetization state across the phase boundary. At the boundary of the two phases defined by different magnetic anisotropies, the onset of a strong magnetic anisotropy in the upper region leads to the expulsion of the domain walls and the enhancement of edge mode magnetization dynamics.
Given that laminography is ideal for the study of flat and thin samples, pump-probe laminography is directly compatible with high spatial resolution soft X-ray imaging, making possible the direct application of the technique to nanoscale systems. This timeresolved laminography measurement took approximately 100 h, or 4 days. With the substantial increase in flux that comes with the next generation of synchrotrons, the time required for these measurements will decrease dramatically, making the three-dimensional mapping of nanoscale dynamics within a wider variety of systems feasible within the constraints of synchrotron beamtime. The ability to experimentally measure complex magnetization dynamics in three-dimensional systems is key for the investigation of the dynamic properties of three-dimensional systems that have been proposed for future data storage 33 , logic 34 and microwave 35, 36 applications.
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Methods
Experimental setup. Laminography setup. A gold Fresnel zone plate (FZP), with a diameter of 170 μm and an outermost zone width of 60 nm, was coherently illuminated at a photon energy of 7.247 keV, which corresponds to the maximum X-ray magnetic circular dichroism (XMCD) signal at the Gd L 3 edge. The FZP was fabricated with displaced zones, designed to introduce perturbations into the illumination wavefront and improve the image quality for ptychography 37 . The FZP was used in combination with a 50 μm-diameter central stop and a 30 μmdiameter order sorting aperture. Circular polarized light was generated by a diamond quarter wave plate positioned before the setup as presented in refs. 18, 26 , with a resulting degree of polarization of over 99.9%, and an efficiency of approximately 60%.
The sample was placed downstream of the focal spot of the FZP where the beam size reached a diameter of 5 μm. The sample was mounted on a twodimensional piezo scanner with a 100 × 100 µm 2 scan range and the scanner was installed on a rotation stage allowing 360° rotation of the sample. Two linear stages with a travel range of several millimetres were used to move the rotation stage to keep the region of interest in the field of view at different rotation angles. The entire sample stage stack was mounted at a laminography angle of 61° (angle between axis of rotation and X-ray beam propagation). This angle was chosen to provide a balance between three-dimensional spatial resolution and sample absorption, and the suitability of the angle for magnetic laminography was determined using numerical simulations of magnetic laminography that are described in the next section, Time-resolved setup.
Similar to previous instrumentation 38, 39 , closed loop sample positioning and thus positioning accuracy during ptychographic scans was achieved by differential laser interferometry measuring the relative position between the sample and the beam-defining FZP in both the horizontal and vertical directions perpendicular to the X-ray beam propagation direction 28 .
The diffracted X-rays propagated in an evacuated flight tube and were detected with an in-vacuum Eiger detector 40 placed at a distance of 5.260 m from the sample.
Time-resolved setup. The time-resolved data were obtained with pump-probe measurements, employing the X-ray flashes generated by the synchrotron light source as a probing signal. The time structure of the Swiss Light Source is designed to provide 70 ps wide (full-width half-maximum, FWHM) X-ray pulses, defining the temporal resolution of our measurements, that arrive approximately every 2 ns (repetition frequency of 499.652 MHz). The magnetization dynamics in the sample were excited by an RF magnetic field that was synchronized to the RF electron bunch accelerators of the synchrotron light source through an in-phase quadrature modulator, which was then employed to shift the relative delay between the X-ray pulses and the RF excitation signal.
This method locks the excitation frequency and its phase to the synchrotron repetition frequency, or its higher order harmonics. If a single-bunch filling pattern were to be employed, classical pump-probe measurements could be carried out, which would allow the investigation of different frequency ranges, or pulsed excitations.
Laminography measurements.
To obtain two-dimensional projections of the magnetization, resonant dichroic ptychography was used. The energy of the X-rays was tuned to the absorption edge of the magnetic element in question, in this case the L 3 edge of gadolinium with an energy of 7.247 keV, and ptychographic projections were recorded with right and left circularly polarized light.
Ptychographic projections with a field of view of 7 × 12.5 μm 2 consisted of 818 diffraction patterns with a step size of 1 μm and an exposure time of 0.2 s. The twodimensional projections of the magnetization shown in Fig. 1c,d are obtained from an average of 25 single XMCD projections, providing a sufficiently high signal-tonoise ratio two-dimensional image of the magnetic structure.
For magnetic laminography, ptychographic projections were measured with both right and left circularly polarized X-rays at 144 angles equally spaced over 360°. Within each dataset, six of the projections were blocked by the coaxial cable carrying the RF current to the sample, so that the laminography reconstructions were performed using only 138 projections of each polarization.
The images were measured at nonsequential time delays to be sure that any observed dynamic behaviour would be independent of small changes to the sample over time due to heating or ageing effects. The phases were measured in the following order:
, 0, 7  4  ,  3  4  ,  4  ,  5  4  ,  2  ,  3 2 π π π π π π π at times of 1, 0, 1.75, 0.75, 0.25, 1.25, 0.5 and 1.5 ns, respectively. Unfortunately, due to experimental errors, it was not possible to obtain a complete reconstruction from the 2 π (0.5 ns) laminography dataset, which is why seven time steps are presented in the manuscript rather than eight.
Each laminography measurement consisting of 144 projections took 7 h including overhead, meaning that each magnetic laminography measurement required 14 h to measure with both left and right circular polarizations. Therefore, in total, seven time steps required 4.1 d of continuous measurement and a total of 2,016 projections.
Laminography reconstruction (non-magnetic).
The measured diffraction patterns were used to reconstruct the complex-valued projections P n (x, y). The reconstruction was performed using 300 iterations of the difference map method 41 and 300 iterations of the maximum likelihood optimization 42 . Reconstructed and unwrapped phase projections were aligned together to maximize their mutual consistency 43 . This is possible only because the magnetic properties of the sample do not affect the phase-based alignment procedure at the selected photon energy. Aligned and unwrapped phase projections were reconstructed by the filtered backprojection method. The laminography imaging geometry unavoidably results in missing information in Fourier space, which is the so-called missing cone problem. Therefore, an iterative method enforcing physical constraints in the real space and measured projection in the Fourier space was used to fill the missing cone 28 .
The non-magnetic reconstruction was used to estimate the location of the magnetic material, which is employed as a constraint in the magnetic reconstruction detailed in the following section.
Magnetic laminography. Magnetic laminography, as well as magnetic tomography, is a special case of arbitrary projection three-dimensional magnetic imaging. For completeness we repeat here the general formulation for arbitrary projection magnetic tomography reconstructions 29 and later show the particular application to laminography.
The amplitude of the transmissivity, A n , measured experimentally is related to the defined XMCD projection P n as follows:
After normalization and computation of the absolute value of the transmissivity, each projection is mathematically defined in terms of rotation matrices R (n) as:
where r e is the classical electron radius, λ is the X-ray wavelength, n k at and n at mag are the atomic density of the kth element and of the resonant magnetic element, respectively, and I selects the imaginary part. Here, m(R (n) r) is the magnetization vector in the object coordinates R (n) r, and f c and f m (1) are the electron density and XMCD scattering factors, respectively. The magnetic contribution originates only from the resonant element, given in the second term, whereas the electronic scattering is calculated by summing over all elements present including the magnetic element.
During the magnetic laminography reconstruction, for each iteration the reconstructed components of the magnetization from the previous iteration are used to compute the projections and compare them to the data. In this calculation, the integrals are approximated by sums, and the projection is defined by:
where m and o are the estimated magnetic and non-magnetic structures, respectively, and c is a constant that relates the XMCD signal to the magnetization, including the pixel size of the dataset. At each iteration of the reconstruction, the correctness of the reconstruction is evaluated by calculating an error metric that compares the estimated dataset P x y ( , ) n̂ with the measured dataset P n (x, y). This error metric is defined as:
The reconstruction is then updated such that the error metric is reduced, and the reconstruction approaches the correct solution, by calculating the gradient of the error metric with respect to the different reconstructed variables. In this case, the gradients for the magnetization m and the non-magnetic structure o are analytically defined as: For magnetic laminography, the rotation matrices that define a rotation of the sample by φ around the rotation axis, which is in turn at an angle θ L with respect to the direction of propagation of the X-rays (ẑ ), are given by: 
As a result, the gradients for the components of the magnetization are defined as: For 0 <θ L < 90°, all three components of the gradient are non-zero, meaning that the measured projections are sensitive to, and contain information about, all three components of the magnetization. This in turn suggests that they can in principle be recovered with a dataset measured around a single rotation axis. To determine whether this is the case, we performed numerical simulations of magnetic laminography for a complex three-dimensional magnetic structure containing vortices, domain walls and Bloch points, as in ref. 18 . For the simulations, 360 XMCD projections were measured around the laminography rotation axis and, to reconstruct the magnetic signal, 50 iterations of the arbitrary projection magnetic reconstruction algorithm were used. The laminography axis was varied between 0° and 90° to determine the optimal geometry for determining the three-dimensional magnetization vector field with magnetic laminography.
The error in the reconstructed magnetic structure with respect to the original magnetic structure was defined as the error in the local magnetization threedimensional orientation and was calculated for a range of laminography tilt angles. This error in the direction of the reconstructed magnetization direction is shown in Extended Data Fig. 1 . It can be seen that a reasonably wide range of angles exists for which the three-dimensional magnetic structure is reconstructed with a high degree of accuracy. In particular, for the angle used in this work θ L = 61.2°, 99% of all voxels have an error of less than 6° in the direction of the magnetization in three dimensions.
Magnetic laminography reconstruction. The three-dimensional magnetic structure was reconstructed using ten iterations of the graphics processing unit-implemented version of the gradient-based arbitrary projection reconstruction code described in ref. 29 and made available at ref. 44 , using the rotation matrices described above. During the magnetic reconstruction, the magnetization was constrained to the magnetic material using a mask calculated from the non-magnetic laminography reconstruction. No additional regularization of the magnetization was implemented.
Once reconstructed, the three components of the magnetization were filtered using a Hanning filter with a cutoff spatial frequency of 1/6 with respect to the maximum spatial frequency in order to remove high frequency noise, and the magnetization was then normalized by its magnitude to obtain a magnetization vector field of uniform amplitude.
The magnetic reconstruction for each time-step was performed independently using the same reconstruction parameters.
Spatial resolution and accuracy of magnetic reconstruction. The half-period spatial resolution of the magnetic reconstruction was estimated by taking a line profile of the m x and m z components across the vortex domain wall and measuring the 25-75% edge sharpness 45 , as shown in Extended Data Fig. 2 , and was found to be 50 nm. Micromagnetic simulations show that, at the surface of a sample, the width of vortex core is of the order of 20-30 nm, which increases rapidly as one moves into the bulk of the disc. Considering that the measured edge sharpness is a convolution of the size of the vortex core and the spatial resolution, we therefore estimate the half-period spatial resolution of the magnetic reconstruction to be approximately 50 nm.
A further estimate of the half-period spatial resolution was also obtained by calculating the Fourier shell correlation (FSC) of the three components of the magnetization and the in-plane vector fields in the three Cartesian planes, shown in Extended Data Fig. 3 . The FSC indicates an average spatial resolution of 184, 360 and 180 nm for the m x , m y and m z components, respectively. The difference between the edge sharpness and FSC estimated values for the resolution can be explained by the spatial sparsity of the data, that is the small number of features with high spatial frequencies present in the sample, which leads to an underestimation of the spatial resolution on the basis of FSC 46 .
In the time-resolved measurement, we are able to track displacements of the vortex domain wall with an accuracy significantly higher than the spatial resolution. In particular, we track oscillations in the domain wall location with an amplitude of 45 and 74 nm for the vortex domain walls with negative and positive vorticity, respectively. This subspatial resolution tracking of the domain wall is possible as it is dependent on the signal-to-noise ratio of the reconstruction, and not on the global or local spatial resolution.
Three-dimensional magnetic structure. For reference, the heights for which the magnetization is shown in Fig. 2a-d , and the 500 MHz modes in Fig. 3a-d , are indicated in the three-dimensional rendering of the 500 MHz modes in Extended Data Fig. 4 .
Data analysis: calculation of vortex domain wall displacement. The displacements of the core of the vortex domain walls were calculated using two different procedures that both make use of the subpixel image registration algorithm described in ref. 47 .
Vortex-tracking based on ∇θ m (vortex 1). To track the displacement of the core of vortex 1, the divergence of the direction of the in-plane magnetization was calculated for a region of the sample surrounding the vortex core of the domain wall. As an example, the divergence of θ m is shown in Extended Data Fig. 5 where, at the cores of the vortices, there is a sharp peak in the gradient of θ m that has a FWHM of only a few pixels. The location of the vortex core for each time-step was determined by image registration of (∇sin(θ m )) t with a reference two-dimensional Gaussian with a FWHM of 1 pixel (46.8 nm). The same calculation of the vortex core displacement was performed for all slices of the three-dimensional magnetic structure in which the vortex domain wall was present, and the motion of the core of the vortex domain wall as a function of height was determined.
Vortex-tracking based on sin(θ m ) (vortex 2). While the determination of ∇θ m worked well for tracking the vortex core with positive curl in the plane of the slice (vortex 1), shown in Fig. 4 , when applied to the second vortex domain wall with negative vorticity, the tracking was found to be more susceptible to error due to the more complex structure of the core of the domain wall. To reduce this error, we instead performed image registration with a signal that was not limited to the vortex core as seen in Extended Data Fig. 5a , but was present throughout the images (Extended Data Fig. 5b ). For this, we calculated sin(θ m ), shown in Extended Data Fig. 5b , which had a non-zero signal in the majority of the image and is a continuous function that avoids the effect of phase wrapping that manifests in the sharp transition of the angle from 0 → 2π.
The components of the motion of the vortex cores parallel and perpendicular to the long axes of the domain walls were calculated and compared. In general, for both domain walls, the motion perpendicular to the long axis of the domain wall could be identified as oscillatory. However, for the motion parallel to the long axis of the domain wall, no clear oscillatory motion could be determined. The challenges in determining the motion of the vortex cores parallel to the long axes of the domain walls are probably due to the extreme ellipticity of the vortex cores, which is due in turn to the anisotropy in the system. In this case, it is likely that the much smaller displacement of the cores parallel to the long axis of the domain wall is below the current accuracy of this measurement.
The motion of the first and second vortex domain walls (vortices 1 and 2 in Fig. 4a ) in the direction perpendicular to their long axes, indicated by a pair of grey arrows in Extended Data Fig. 6 for each vortex, are given as a function of height in Extended Data Fig. 6a,b , respectively. Here one can identify a similar periodic temporal behaviour to the first vortex domain wall shown in Fig. 4 , albeit with a smaller amplitude of 45 ± 13 nm, and a phase shift of 0.75 ± 0.25 ns with respect to the first vortex domain wall. Fig. 2 | Determination of the spatial resolution of the reconstructed magnetization by calculating the edge sharpness across the core of a vortex domain wall. Line profiles of (a) the m x and (b) the m z components of the magnetization across the vortex domain wall. The 25%-75% edge sharpness is found to be on average 50 nm, indicating a half-period spatial resolution of 50 nm. c, The line along which the profile is measured is drawn in blue.
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